Precuneus/posterior cingulate cortex (PCu/PCC) are key components of a midline network, activated during rest but also in tasks that involve construction of scene or situation models.
parahippocampal and entorhinal cortices, plus the hippocampal formation (Hutchison, Culham, Everling, Flanagan, & Gallivan, 2014; Kravitz, Saleem, Baker, & Mishkin, 2011; Parvizi, Van Hoesen, Buckwalter, & Damasio, 2006; Passarelli et al., 2018) , a recent proposal maintains that the PCu/PCC anchors a posteromedial or extended navigation system critical for the construction of "scene" or more generally "situation" models (comprising a particular time, place, and context; Ranganath & Ritchey, 2012) . Such situation models are argued to support a diverse array of cognitive processes, including episodic memory and future thinking, spatial navigation, and scene imagination (Murray, Wise, & Graham, 2017; Ranganath & Ritchey, 2012) .
In particular, it has been argued that representations of scenes or spatial contexts serve as a spatial scaffold underpinning and framing autobiographical memories and imagined events (Hassabis & Maguire, 2007; Murray et al., 2017; Robin, Buchsbaum, & Moscovitch, 2018) .
Consistent with this, a recent multivariate fMRI study found that the spatial context of imagined events could be uniquely decoded from activity within this posteromedial network, especially PCu/PCC (Robin et al., 2018) . In addition to representing internally generated cognitive scenes or contexts, the PCu/PCC may also play a key role in representing current, external context. A situation "model" allows the viewer to construct a rich and coherent percept of a "place," extrapolating beyond the sensory input, critical both for navigation in space as well as for scaffolding episodic memories (Murray et al., 2017; Zeidman & Maguire, 2016) .
Much of our knowledge of the role of PCu/PCC in scene-related cognition is based on measurements tied to neuronal activity, including blood-oxygenation-level dependent (BOLD) functional magnetic resonance imaging (fMRI) in humans (Bzdok et al., 2015; Spreng, Mar, & Kim, 2009) and single unit recording studies in both humans (Fox, Foster, Kucyi, Daitch, & Parvizi, 2018) and nonhuman primates (Dean, 2006; Sato, Sakata, Tanaka, & Taira, 2010) . Further evidence comes from neuropsychological investigations of scene-based processing following brain lesions (Futamura et al., 2018; Suzuki, Yamadori, Hayakawa, & Fujii, 1998) , including Alzheimer disease-linked neurodegeneration (Chan et al., 2016; Irish et al., 2015) . One avenue that remains substantially unexplored is the neuro-biochemical factors underpinning PCu/PCC activity during complex scene cognition.
Given the importance of this core brain hub in healthy brain function, as well as in disease (e.g., activity alterations in Alzheimer's disease and psychiatric disorders such as schizophrenia (Leech & Sharp, 2014) and in genetic risk of Alzheimer's disease ), improved understanding of the biochemical mechanisms underpinning the PCu/PCC fMRI response could provide useful insight into the physiological basis of its activity, which could in turn provide insight into factors underpinning activity alterations in disease and disease risk (Duncan, Wiebking, Munoz-Torres, & Northoff, 2014) . . The most commonly studied 1 H-MRS metabolites are γ-amino-butyric acid (GABA) and glutamate + glutamine (Glx), neurotransmitters which indicate inhibitory and excitatory tone, respectively, and N-acetyl-aspartate + Nacetyl-aspartyl-glutamate (tNAA), a neuronal marker associated with mitochondrial energy metabolism (Farrant & Nusser, 2005; Moffet, Ross, Arun, Madhavarao, & Namboodiri, 2007; Rae, 2014; Stagg & Rothman, 2014) . A previous fMRI-MRS study on default-mode-related deactivation found that higher resting state PCu/PCC GABA+ and lower PCu/PCC Glx concentrations are associated with greater suppression of default-mode PCu/PCC activity during a working memory task (Hu, Chen, Gu, & Yang, 2013) . In another study (Hao et al., 2013) , higher tNAA was associated with reduced suppression of defaultmode PCu/PCC activity during an auditory monitoring task. No study has yet assessed the relationship between task-driven activation in PCu/PCC and intrinsic regional levels of brain metabolites.
In this study, therefore, we investigated whether interindividual differences in PCu/PCC activity elicited during complex scene discrimination would be related to interindividual differences in resting state levels of PCu/PCC metabolites. An fMRI odd-one-out discrimination paradigm ("oddity"; Hodgetts et al., 2015; Shine et al., 2015) was used to investigate PCu/PCC activity in response to different stimulus categories (scenes, faces, objects). First, we hypothesised there would be a greater PCu/PCC BOLD response during scene, compared to face or object, oddity, extending previous findings of a role for PCu/PCC in complex scene cognition to involvement in online perception (Ranganath & Ritchey, 2012; Spreng et al., 2009 Hao et al., 2013) , a positive relationship between PCu/PCC scene-related activity and Glx, and a negative relationship with GABA+ (consistent with Hu et al., 2013) .
Finally, we predicted there would be no relationship between PCu/PCC BOLD for complex scene discrimination and OCC metabolites; a finding that would be supportive of regional specificity of any PCu/PCC BOLD-MRS relationships (Duncan, Wiebking, MunozTorres, & Northoff, 2014; Greenhouse, Noah, Maddock, & Ivry, 2016; Hu et al., 2013 
| Overview of experimental design
Participants completed the perceptual odd-one-out fMRI task, an anatomical MRI scan, and four 1 H-MRS scans within the same scan session.
2.3 | Perceptual odd-one-out ("oddity") fMRI task
The odd-one-out task was identical to that used in Shine et al. (2015) and Hodgetts et al. (2015) . Participants were shown three stimuli from the same visual category on each trial and instructed to select the stimulus that was the "odd-one-out" as quickly and as accurately as Lee, & Graham, 2010) . For the scene, face and object categories, two of the images represented the same location, face or object, but were shown from a different viewpoint, and the third image was obtained from a visually similar, but unique, location, person, or object. The squares acted as a baseline condition, with two of the squares being of equal size, while the third square differed in size, either slightly larger or smaller. Examples of a trial from each condition are shown in Figure 1a . Participants selected the oddone-out by pressing the corresponding button on a 3-button MRIcompatible response box, held in their right hand. The position of the correct item was counterbalanced to appear in each location an equal number of times within each condition. All images were shown only once during the task (i.e., trial-unique).
The experimental design is shown in Figure 1b . Each trial was presented for 6 s, and participants were required to make their response before the images disappeared from the screen. There was a jittered intertrial interval of 500-3,000 ms, during which participants were presented with a blank white screen. Trials were arranged into miniblocks of three trials per stimulus category, to reduce task-switching demands. The order of mini-block categories was counterbalanced between participants.
The experiment was divided into three fMRI runs, each consisting of 72 trials, and each run lasted 11 min. Eighteen trials per stimulus category per run were presented, resulting in a total of 54 trials per condition over the three runs. The experiment was implemented using E-prime version 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA).
The task was viewed in a mirror mounted on top of the head coil, which allowed participants to view a projector screen (Canon Sx60
LCOS projector system combined with the Navitar SST300 zoom converter lens) located behind the scanner. . Slices were aligned along the anterior commissure-posterior commissure (AC-PC) line, then a 30 axialto-coronal tilt was introduced (in the "anterior up" sense), to reduce signal dropout in the MTL caused by dephasing of the MRI signal due to nearby air-tissue and bone-tissue interfaces (Deichmann, Gottfried, Hutton, & Turner, 2003) . A field map was acquired to improve registration and reduce image distortion from magnetic-field inhomogeneity (TEs of 7 ms and 9 ms). Each fMRI run began with four dummy volumes, to allow the signal to reach T1 equilibrium prior to acquisition.
| MRI acquisition

| 1 H-MRS acquisition
Single voxel proton spectra were acquired from the PCu/PCC (the voxel of interest, measuring 2 × 2 × 3 cm Therefore, a spectral editing acquisition (Mescher-Garwood PRESS, MEGA-PRESS; Mescher, Merkle, Kirsch, Garwood, & Gruetter, 1998) was used to alleviate the difficulties in accurately quantifying GABA.
MEGA-PRESS acquisitions include additional editing pulses placed symmetrically about the water resonance (4.7 ppm) resulting in editing pulses at 1.9 ppm (edit on) and at 7.5 ppm (edit off) in order to subtract the creatine peak, enabling accurate GABA detection and quantification.
One MEGA-PRESS acquisition per voxel was obtained to measure H-MRS voxel placement for one participant. Voxels have been transformed into and overlaid on standard space. All brain data are rendered on the MNI152 2 mm standard brain template. The dotted black lines represent slices acquired from the top to bottom of the corpus callosum, which were collected to identify the mid-slice (continuous black line) to use as a landmark for PCu/PCC voxel placement. The black arrow points to the tentorium cerebelli, used as the landmark line for OCC voxel placement. (B and C) example of a PRESS and MEGA-PRESS spectrum from PCu/PCC voxel (b) and OCC voxel (c) in one participant. (d) the yellow/orange regions show the whole brain fMRI results, displaying significant clusters for the contrast of scenes > faces + objects (n = 35 participants, Z > 3.1, p < 0.05). The blue region shows the location of the a priori PCu/PCC ROI (from Shine et al., 2015) , which overlaps with the PCu/PCC fMRI cluster. (e) BOLD percent signal change extracted from the a priori PCu/PCC ROI for the contrast scenes >faces + objects. Dots show each participant's BOLD percent signal change for this contrast, and horizontal lines show the mean. (f) Mean PCu/PCC ROI BOLD percent signal change for each condition relative to baseline condition of size, ± SE. ***Indicates statistically significant at p < 0.001 [Color figure can be viewed at wileyonlinelibrary.com] 2.7 | Data analysis 2.7.1 | Behavioural data analysis Oddity task performance was assessed by calculating the accuracy (proportion of correct odd-one-out responses) and reaction time (RT, difference between stimulus onset and button press, in milliseconds, for correct trials only) on each of the four stimulus conditions. This was calculated for each participant and each experimental run separately. Values were averaged over the three runs to obtain a mean accuracy and RT measure for each condition.
| fMRI data analysis
The fMRI data were preprocessed and analysed using FSL version 4.1, via the FMRI Expert Analysis Tool (FEAT; http://www.fmrib.
ox.ac.uk/fsl/). Preprocessing consisted of removal of the brain from the skull via the FSL brain extraction tool (BET; Smith, 2002) , motion correction using MCFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002) , spatial smoothing using a full-width-athalf-maximum (FWHM) Gaussian kernel of 5 mm, mean-based intensity normalisation, high pass temporal filtering set to a cutoff value of 100 s, and field map unwarping of the EPI data using FUGUE (Jenkinson, 2003) .
A general linear model (GLM), consisting of four explanatory variables (the four task conditions: scenes, faces, objects, and size), was conducted for each subject and task run. An event-related design was used, and trials were modelled as 6 s events from the start of the trial presentation. Trial start times, relative to scan onset, were obtained from each participant's E-prime output file. As in previous studies, only correct trials were included in the GLMs Shine et al., 2015) . A parameter estimate image was created for each category relative to the size baseline condition (i.e., scenes > size, faces > size and objects > size), and for the planned contrast of scenes relative to the other main stimulus categories (scenes > faces + objects). Each run was examined for participant movement and excluded if movement exceeded one fMRI voxel (>3.8 mm). This resulted in exclusion of two participants' data, and one out of the three runs for five participants. The three experimental runs for each participant (and two experimental runs for five participants) were coregistered to the Montreal Neurological Institute (MNI152) 2 mm template using FLIRT and combined using a fixed-effects model in FEAT.
To identify regions that showed a group-level preferential response to scenes compared to the other stimulus categories (scenes > faces + objects), a group-level analysis was performed using the FMRIB Local Analysis of Mixed Effects tool version 1 (FLAME 1; Beckmann, Jenkinson, & Smith, 2003; Woolrich, Behrens, Beckmann, Jenkinson, & Smith, 2004) . The resulting group-averaged statistical map was thresholded with a cluster-determining threshold of p = 0.001 (Eklund, Nichols, & Knutsson, 2016 ) with a familywise error-corrected cluster threshold of p = 0.05 based on Gaussian random fields theory.
To obtain a quantitative measure of BOLD percent signal change in the PCu/PCC (in order to correlate with 1 H-MRS metabolite levels), an independently defined PCu/PCC region of interest (ROI) was used. The BOLD percent signal change in the PCu/PCC ROI for each contrast of scenes, faces and objects relative to size, and for scenes > faces + objects was extracted using the Featquery tool in FSL. The ROI chosen to sample PCu/PCC was a binarized mask of scene-related activity taken from Shine et al. (2015) , which used the same fMRI paradigm, but in a different sample of individuals (peak voxel x = 16, y = −46, z = 30 in MNI co-ordinates, cluster size 273 voxels; see Figure 2d ). A Neurosynth (Yarkoni, Poldrack, Nichols, Van Essen, & Wager, 2011 ) metaanalysis (http://neurosynth.org/; Database status 507,891 activations reported in 14,371 studies; 1,335 terms), revealed that the top three associations with meta-analysis maps for the peak voxel were with the terms "autobiographical" (z-score = 5.66); "default network" (z = 4.98);
and "precuneus" (z = 4.9), confirming its location within the posteromedial network.
|
H-MRS data analysis
PRESS data were analysed using TARQUIN (Totally Automatic Robust Quantification In NMR) version 4.3.3 (Wilson, Reynolds, R a, Arvanitis, & Peet, 2011) . Since it is difficult to accurately separate the peak of NAA at 2.01 ppm from that of N-acetyl-aspartyl-glutamate (NAAG) at 2.04 ppm, these were combined to create a "total NAA" or tNAA measure (NAA + NAAG; Rae, 2014) . Similarly, it is difficult to accurately distinguish the spectra of glutamate and glutamine due to their largely overlapping resonances, so these measures were combined to create a composite glutamine + glutamate measure, or "Glx" (Rae, 2014; Stagg & Rothman, 2014) . To ensure good quality data, metabolites were excluded if the CRLB was above 20%, consistent with the exclusion criteria commonly found in the 1 H-MRS literature (Cavassila, Deval, Huegen, van Ormondt, & Graveron-Demilly, 2001; Hu et al., 2013; Stagg & Rothman, 2014) . This resulted in the exclusion of two PCu/PCC tNAA, three PCu/PCC Glx, one OCC tNAA and one OCC Glx measurements.
MEGA-PRESS data were analysed using GANNET (GABA-MRS Analysis Tool) version 2.0 (Edden, Puts, Harris, Barker, & Evans, 2014) . The GABA concentration measured in the MEGA-PRESS scans represents GABA plus co-edited macromolecules, and is referred to as "GABA+" (Mullins et al., 2014) . Data quality was assessed by two raters (authors AGC and CJE) using a 3-point rating scale (as in Lipp et al., 2015) . Ratings were done blind to the fMRI results. Based on this, 11 PCu/PCC GABA+ and one OCC GABA+ measurements were excluded, considered by the raters to be poor quality data-sets. To test whether correlations between PCu/PCC BOLD and metabolite concentrations in the PCu/PCC and OCC voxels were statistically different from each other, a directional Olkin's Z test, testing if the correlation with PCu/PCC tNAA was stronger than OCC tNAA, was performed as implemented in the "cocor" R package (Diedenhofen & Musch, 2015;  http://comparingcorrelations.org).
As recommended by Dienes and Mclatchie (2018) Figure 5 for tNAA mask). The number of participants used to create the group masks differed for the tNAA, Glx, and GABA+ analyses, as there were different numbers of participants remaining for these analyses after exclusions following data quality control (tNAA n = 33, Glx n = 32, GABA+ n = 24).
The statistical threshold for the fMRI analysis was voxel-wise, uncorrected at p < 0.01 (as in Hodgetts et al., 2015) . To prevent false positives due to multiple-comparisons (as there were approximately 4,000 fMRI voxels within each PCu/PCC MRS metabolite group mask), Monte-Carlo simulation was used to determine whether the size of any resulting cluster was statistically significant, using the 3dClustSim command in AFNI (2016 version, in which the bug identified in Eklund et al. (2016) had been fixed, https://afni.nimh.nih.gov/pub/dist/ doc/program_help/3dClustSim.html). A cluster-corrected threshold of p < 0.01 was selected (as in Hodgetts et al., 2015) , which determined that any cluster larger than 42 voxels was statistically significant at p < 0.01 for the tNAA mask and Glx mask, and 40 voxels for the GABA+ mask.
3 | RESULTS
| Behaviour
There were no significant differences in the proportion of correct responses between the four conditions of the oddity task Figure 1c ). There were no significant correlations between scene discrimination performance and either PCC metabolites or PCC scene-related BOLD (data not reported).
| fMRI 3.2.1 | Whole brain results: PCu/PCC shows a greater BOLD response for scenes than faces and objects
The final fMRI sample size was 35, following exclusions due to scanner errors (n = 3) and movement (n = 2 + 1 / 3 of runs excluded for five participants). Figure 2d shows the whole brain activation map for the contrast of scenes compared to faces and objects. There was a significantly greater BOLD response in the PCu/PCC region for scenes > faces + objects, suggesting this region has relative scene selectivity (peak activation in MNI co-ordinates x = 6, y = −46, z = 42).
Significant clusters were also identified for this contrast bilaterally in the parahippocampal gyrus, the medial portion of the hippocampus, lateral occipital sulcus, lingual gyrus, inferior regions of the precuneus, temporal occipital fusiform cortex, and occipital pole (see Figure 2d and 
| PCu/PCC ROI results: Greater BOLD percent signal change in ROI for scenes than faces or objects
The a priori PCu/PCC ROI overlapped with the PCu/PCC cluster identified in the whole brain analysis (see Figure 2d) . Consistent with the whole brain findings, within the PCu/PCC ROI there was significantly greater activity for scenes > faces + objects (see Figure 2e Clusters that showed significantly greater activity for the contrast of scenes >faces + objects (Z > 3.1, p < 0.05). Brain region labels were defined using the Harvard-cortical atlas tool in FSL. Most regions identified are part of one large cluster; the local maxima within this cluster are listed. 3.4.2 | Voxel-wise GLM using 1
H-MRS as a regressor
The relationship between PCu/PCC tNAA and BOLD for scenes > faces + objects identified above was also identified when PCu/PCC tNAA was used as a regressor in the GLM within the PCu/PCC 1 H-MRS voxel mask area (see Figure 5 ). This revealed a significant cluster of 167 voxels where PCu/PCC tNAA was positively correlated with the BOLD response to scenes > faces + objects (peak MNI coordinate 8, −48, 48; peak Z = 3.76). As depicted in Figure 5 , this was located in a highly similar region to the a priori PCu/PCC ROI, supporting the selective relationship between PCu/PCC BOLD for scenes and PCu/PCC tNAA concentration.
When Glx or GABA+ were included as regressors in separate GLMs, no significant clusters were identified reflecting positive or negative associations with PCu/PCC BOLD for scenes > faces + objects.
| DISCUSSION
We adopted a multimodal functional and biochemical imaging approach to test whether individual differences in PCu/PCC BOLD activity during complex scene discrimination were linked to concentrations of PCu/PCC 1 H-MRS metabolites. We found a significant positive correlation between the PCu/PCC BOLD response to scenes and the resting state concentration of tNAA in PCu/PCC. This pattern was not evident with Glx or GABA+ and was regionally specific to PCu/PCC, since OCC tNAA concentrations were not linked with either PCu/PCC or OCC BOLD activity.
The PCu/PCC is a core posterior hub of the DMN (Fransson & Marrelec, 2008; Raichle, 2015; Utevsky et al., 2014) . Historically, the DMN was identified as a task-negative network, since it was reliably engaged during passive conditions, including fixation (Raichle et al., 2001 ). Far from being passive, however, default activity during fixation is hypothesised to reflect spontaneous cognitive processes including autobiographical recall, imagination and prospection, although accounts differ as to the role of PCu/PCC in such processes (Andrews-Hanna et al., 2014; Buckner & Carroll, 2007; Hassabis & Maguire, 2007; Schacter et al., 2012; Spreng, 2012) . Here, both the ROI and whole brain analyses revealed that PCu/PCC responded significantly more to scenes than to either faces or objects, a finding inconsistent with a simple task-negative account of PCu/PCC function.
Our finding that dorsal PCu/PCC is particularly involved in complex scene discrimination is, however, consistent with other studies showing a role for activation in this region in a variety of scene-related tasks including scene working memory (Hodgetts et al., 2016) ; mental scene construction (Hassabis & Maguire, 2007; Palombo, Hayes, Peterson, Keane, & Verfaellie, 2018; Robin et al., 2018) ; as well as large-scale spatial navigation in virtual reality environments (Ekstrom, Huffman, & Starrett, 2017) . The PCu/PCC region is heavily interconnected with core scene processing regions including retrosplenial and parahippocampal cortices (Hutchison et al., 2014; Kravitz et al., 2011; Parvizi et al., 2006; Passarelli et al., 2018 ; which were preferentially activated here by scenes alongside PCu/PCC; see also Lee et al., 2008; Hodgetts et al., 2016 Hodgetts et al., , 2017 , and also links the DMN with the dorsal attention network (Spreng, Sepulcre, Turner, Stevens, & Schacter, 2013) , placing it in a key anatomical position to coordinate processes important for scene discrimination performance.
Our fMRI findings thus lend support to accounts in which PCu/PCC contributes to a posteromedial system critical for the construction of mental scenes (Hassabis & Maguire, 2007) or more generally situation models (Murray et al., 2017; Ranganath & Ritchey, 2012) , which critically underpin autobiographical memory retrieval, simulation of future episodes, spatial navigation and, as shown here, view-invariant scene perception. Successful performance on scene oddity requires such internal models, because participants must be able to locate each viewpoint (and therefore reject the odd-one-out)
within an overarching unified spatial context whose unseen aspects must be internally generated (see also Bar et al., 2007) .
| BOLD-tNAA relationship
A key novel finding from this study was the positive association, across two complementary analysis approaches, between scene-selective PCu/PCC activity and intraregional tNAA concentration. Specifically,
where an individual showed a greater PCu/PCC BOLD response for scenes, this was associated with higher tNAA levels. This relationship was specific to scenes, as there were no significant relationships between the PCu/PCC BOLD response to faces or objects with PCu/PCC tNAA. Based on previous studies on tNAA, animal literature, and the proposed functions of tNAA, we offer three potential (albeit speculative) explanations for our scene BOLD and tNAA finding:
1. NAA, which is present predominantly in neuronal cells (Simmons, Frondoza, & Coyle, 1991) , is considered as a biomarker of neuronal and axonal density and integrity (Duarte, Lei, Mlynárik, & Gruetter, 2012; Rae, 2014) . The positive correlation between tNAA and the local BOLD response, therefore, could indicate that a higher density of neurons that respond to scenes (vs. faces and objects) leads to an increased scene BOLD response.
2. NAA is synthesised in neuronal mitochondria (the site of aerobic respiration to produce ATP; Patel & Clark, 1979) , and there is evidence that NAA and mitochondrial function are coupled, as pharmacological inhibition of mitochondrial respiratory chain enzymes required for ATP synthesis are associated with a decrease in NAA (Bates et al., 1996) . ATP production is required following neuronal activity to replenish energy stores expended during this energydemanding process (Logothetis, 2002) . The BOLD response is an indirect measure of the increase in nutrients (e.g., oxygen and glucose) delivered to the site of neuronal activity for ATP production.
A second possible mechanism linking tNAA with BOLD, therefore, is that a higher BOLD response could represent greater functional capacity of the neuronal mitochondria to produce ATP, which is associated with levels of NAA.
3. A third possible mechanism is based on NAA being a precursor molecule for N-acetyl-aspartyl-glutamate (NAAG; Moffet et al., 2007; Rae, 2014) . In most 1 H-MRS studies, NAA and NAAG are combined to create a composite tNAA measure (Rae, 2014) .
A recent functional 1 H-MRS (fMRS) study, however, assessed NAA and NAAG separately, and found that NAAG increases and NAA decreases in concentration following neuronal stimulation (Landim et al., 2016) . NAAG induces a vasodilatory response in local blood vessels, via being exported from neurons to astrocytes where it binds to the mGluR3 glutamate receptor. This results in the release of vasoactive agents, which is in turn associated with an increase in the BOLD response (Baslow et al., 2016) . Further evidence that NAAG is associated with BOLD comes from the pharmacological inhibition of NAAG breakdown, which causes an increase in the BOLD response for a few minutes (Baslow, Dyakin, Nowak, Hungund, & Guilfoyle, 2005) . Returning to the tNAA-BOLD relationship identified here, if there was a higher amount of regional tNAA (i.e., combined NAA and NAAG), there could be more substrate (NAA) to produce more NAAG. In turn, this could result in a greater vasoactive response, reflected in a greater BOLD response. Future (invasive) studies will be required to untangle these possible mechanisms.
Our findings also suggest some regional specificity of the link between BOLD and tNAA, since we found no correlation between OCC tNAA and the OCC response to scenes. This could reflect some unique physiological properties of PCu/PCC and/or tNAA (Dollé et al., 2018) . NAA is not distributed homogeneously in the brain, but rather, levels are highly variable among different neuronal types (Moffet et al., 2007) . Further work is needed to address this question.
The causes of interindividual variation in tNAA in young adulthood are not fully understood, but likely include a complex interplay between genetic and environmental factors over the lifecourse.
Levels of tNAA have been shown to be highly heritable (Batouli et al., 2012) , but are also sensitive to early environmental influences, including stress (McLean et al., 2012) . Future large scale studies of genetic and environmental influences on PCu/PCC metabolite levels in humans across the lifespan will be required to address this critical question, which may have implications for understanding lifespan influences on cognitive and neural ageing (Dollé et al., 2018; Jagust & Mormino, 2011) .
| BOLD-GABA+ and BOLD-Glx relationships
We found no significant correlation between PCu/PCC BOLD scene activity and regional GABA+ or Glx, which contrasts with a previous study of DMN deactivation (Hu et al., 2013) . The lack of BOLD-Glx and BOLD-GABA+ correlations could reflect a lower signal-to-noise ratio for the multiple peaks of Glx and GABA+ which overlap with other metabolites, compared to the large peak of tNAA (Harris et al., 2017; Rae, 2014; Stagg & Rothman, 2014) .
The data quality for tNAA was also better than that of GABA+, as many more GABA+ than tNAA measurements were excluded through quality control assessments. Alternatively, differences in sample age might be responsible as our sample was younger on average that than of Hu et al. (2013) (mean age 34.4 ± 8.6 years).
Substantial age-related changes have been reported in both PCu/PCC GABA+ concentration and DMN deactivation, even prior to middle age (Gao et al., 2013; Nelson et al., 2016) .
More substantively, our lack of significant correlation for scene-task related PCu/PCC BOLD with local GABA+ and Glx could be consistent with accounts that different populations of neurons within posterior DMN have somewhat distinct functions. Single unit recording studies have recently revealed that neural populations in PCu/PCC associated with "default mode" activity (i.e., showing task-negative responses) may be distinct from those involved in active (e.g., mnemonic or scene-construction) processing Fox et al., 2018) . In addition, patterns of DMN network connectivity are somewhat different during rest versus autobiographical memory and future thinking (Bellana, Liu, Diamond, Grady, & Moscovitch, 2017 (Farrant & Nusser, 2005; Rae, 2014; Stagg, Bachtiar, & Johansen-Berg, 2011) , whereas tNAA could reflect neuro-vascular coupling, as speculated above. In the absence of strong Bayes Factors in support of the null for BOLD-GABA+ and BOLD-Glx relationships; however, these last two possibilities must remain speculative.
| Limitations
Although 1 H-MRS has the advantage that it is the only neuroimaging technique that can contribute knowledge of biochemistry noninvasively in vivo, there are limitations to this technique. The large voxel sizes required to quantify metabolites present at very low concentrations limits the spatial resolution that 1 H-MRS can provide in comparison to the high spatial resolution of fMRI (Stagg & Rothman, 2014) . This is particularly problematic for GABA quantification (Mullins et al., 2014 ). An attempt was made at reducing the size of the PCu/PCC 1 H-MRS voxel from the standard 3 × 3 × 3 cm to 2 × 2 × 3 cm to improve regional specificity in this study; this came; however, at the cost of several PCu/PCC MEGA-PRESS spectra being of too poor quality to use the GABA+ measurement obtained from this region.
Moving to stronger magnetic field strengths (e.g., 7 T) could improve signal-to-noise for the metabolite measurements, making it possible to reduce the voxel sizes to improve the spatial resolution of the 1 H-MRS measures (Terpstra et al., 2016; Tká c, Öz, Adriany, U gurbil, & Gruetter, 2009 ).
As is common in previous fMRI-MRS studies, a limitation of our approach was that the 1 H-MRS and fMRI scans were acquired separately. The concentrations of tNAA, Glx and GABA+ measured, therefore, reflected their concentrations during an unconstrained resting state rather than during the task. Recent fMRI-MRS studies are now attempting to assess task-related 1 H-MRS changes, through functional MRS (fMRS; Apšvalka, Gadie, Clemence, & Mullins, 2015; Huang et al., 2015; Landim et al., 2016 ), or through collecting 1 H-MRS and fMRI data simultaneously, by acquiring both within the same TE (Ip et al., 2017) . Future studies could assess the relationship between task-evoked changes in tNAA (and other metabolites) and the BOLD response in PCu/PCC during scene discrimination and construction.
The focus of our study was on PCu/PCC, but it would be interesting to extend the work to other scene-processing regions, including parahippocampal cortex and hippocampus, and to other functionally specialised regions. Due to its location and size, it is technically challenging to acquire high quality 1 H-MRS spectra in the hippocampal region (Geurts et al., 2004; Kreis, 2004; Venkatraman et al., 2006) .
Future studies using ultra-high field 1 H-MRS (e.g., Voets, Hodgetts, Sen, Adcock, & Emir, 2017 ) are now required.
We found no significant correlations between either PCu/PCC BOLD or PCu/PCC tNAA and individual differences in task performance. It has been suggested that individual differences in neural engagement should be independent of RTs, whereas differences in neural effort should covary with RTs (Taylor, Rastle, & Davis, 2014) .
Applied to our findings, higher tNAA in PCu/PCC might lead to greater neural engagement of PCu/PCC in scene processing, without influencing the effort involved in processing scenes. Alternatively, the lack of correlation with performance could reflect high overall performance levels in our young adult sample.
| SUMMARY
In conclusion, our multimodal imaging study revealed that dorsal PCu/PCC shows a selective response to scenes compared to faces or objects. This is consistent with the view that this region is a key region 
